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Abstract 
Excess sediment is one of the leading causes of impairment of the rivers and 
streams of Tennessee and in the United States.  Sediment acts as a pollutant by 
degrading the quality of habitat for fish and other aquatic life.  The Tennessee 
Department of Environment and Conservation (TDEC) currently assesses the quality 
of streams in Tennessee by conducting benthic macroinvertebrate surveys.  These 
surveys use seven biometrics to calculate Tennessee Macroinvertebrate Index (TMI) 
scores.  This method is well tested and reliable, but it has not been shown to directly 
link changes in stream sediment characteristics to macroinvertebrate status.  
Finding a stream sediment metric that could indicate water quality with the same 
reliability would be valuable for watershed management.  The purpose of this study 
was to investigate the relationship between channel-bed sediment in riffles and 
benthic macroinvertebrate status in East Tennessee streams in order to determine 
whether fine sediment metrics might be useful indicators of stream health.  This was 
accomplished by comparing bed sediment characteristics to the status of aquatic 
macroinvertebrates as reported by the TMI and by the seven biometrics used to 
derive the index.  Research focused on channel bed sediment in riffle areas in 20 
streams within the Ridge and Valley Ecoregion.  Channel bed sediment size was 
characterized using a modified Wolman pebble count.  Additional pebble count data 
from previous studies by Terrell (2011) and Williams (2005) were also added to the 
data set.  Fine (<2 mm) sediment was collected and its composition was determined 
through laser particle size analysis.  No signficant correlation was found between 
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fine sediment size classes and TMI biometrics.  Metrics for channel bed sediments 
significantly correlated with nearly all TMI biometrics.  The highest correlations 
were between TMI scores and sediment metrics for larger particle sizes (D50 
[diameter at which 50% of the sample was smaller] and D84 [diameter at which 84% 
of the sample was smaller]) rather than fine sediment.  Statistical tests for 
differences in sediment metrics between levels of TMI impairment suggest that the 
D50 and D84 of bed sediments could potentially be used to determine whether a 
stream is considered to be impaired. 
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Chapter 1 
Introduction 
1.1 Justification for Research 
 Although sedimentation is a naturally occurring process, human 
disturbances, mainly in the form of sediment-producing land-use practices, can 
result in an excess accumulation of fine sediment in the substrate of stream 
channels (Lenat et al., 1981; Waters, 1995).  In fact, excess sediment is one of the 
leading causes of stream impairment in Tennessee and in the United States (TDEC, 
2012).  Many studies have documented the detrimental effects of sediment pollution 
on the flora and fauna of stream ecosystems.  As of right now in Tennessee, 
however, no single sediment metric is used as a quantitative indicator of water 
quality with respect to sediment pollution. 
 Under section 303(d) of the Clean Water Act, states are required to develop a 
list of impaired waters within their borders (USEPA, 2009).  Placing a water body on 
the state’s 303(d) list means that current state pollution controls are not sufficient 
to maintain applicable water quality standards.  In this case, the state must 
prioritize a schedule for Total Maximum Daily Loads (TMDL) for pollutants to be 
developed based on the severity of pollution and the designated use of the water 
body (USEPA, 2009).  Water bodies can be removed once they meet water quality 
criteria and/or biocriteria guidelines.  
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 Currently, the Tennessee Department of Environment and Conservation 
(TDEC) has the regulating authority to carry out these tasks in Tennessee, as 
mandated by the USEPA (TDEC, 2011).  TDEC uses benthic macroinvertebrate 
surveys in their biomonitoring program to determine if a stream meets biocriteria 
standards, so that designated uses such as supporting fish and other aquatic life are 
met (TDEC, 2011).  These surveys use seven biometrics to calculate a Tennessee 
Macroinvertebrate Index (TMI) score.  These seven biometrics are:  
 Taxa Richness (TR) – The total number of genera found in a subsample. 
 Ephemeroptera Plecoptera Trichoptera Richness (EPT) – The total number 
of genera found within the orders Ephemeroptera, Plecoptera, and 
Trichoptera. 
 % EPT-Cheum. – The percentage of EPT genera found within a sample, 
excluding the genus Cheumatopsyche. 
 % Oligochaetes and Chironomids (% OC) 
 North Carolina Biotic Index (NCBI) – This index includes tolerance values of 
a taxon. 
 % Clingers – The percent contribution of organisms that build fixed retreats 
or have adaptations to attach to surfaces in flowing water. 
 % TN Nutrient Tolerant Organisms (% TNUTOL) 
After values for each biometric have been calculated, the data are equalized 
by assigning a score of 0, 2, 4, or 6 based on the value of each metric.  These seven 
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values are totaled to calculate the TMI score.  Once the TMI score for a stream reach 
has been calculated, the reach can be assigned to one of four impairment classes:  
severely impaired, moderately impaired, slightly impaired, and non-impaired.  A 
TMI score of 32 or higher places the reach into the non-impaired class and means 
that the stream is considered to pass biocriteria guidelines in most ecoregions 
(TDEC, 2011). 
 This method of stream assessment is well tested and reliable.  However, it 
does not directly link stream sediment characteristics to macroinvertebrate 
community condition.  Finding a stream sediment metric that could indicate water 
quality with the same reliability would likely prove to be quite valuable in terms of 
our abilities to understand sedimentation and monitor stream health.  The purpose 
of this study was to investigate the relationship between characteristics of channel-
bed sediment in riffles and benthic macroinvertebrate status in East Tennessee 
streams to determine whether such metrics might be useful indicators of stream 
health. 
1.2 Background 
1.2.1 Benthic Macroinvertebrates as Stream Quality Indicators 
 Benthic macroinvertebrates are reliable indicators of local stream quality 
and are used by most state water monitoring agencies (Southerland & Stribling, 
1995).  They are considered reliable indicators for a number of reasons.  Benthic 
macroinvertebrate assemblages include a wide range of pollution-tolerant and 
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intolerant taxa, which can be identified down to family and even lower taxonomic 
levels with relative ease (Barbour et al., 1999).  Because benthic macroinvertebrates 
have very limited migratory patterns, macroinvertebrate assemblages serve as an 
easily identifiable means of assessing site-specific conditions.  Another advantage is 
that diverse assemblages of benthic macroinvertebrates can be supported in smaller 
1st and 2nd order streams (Barbour et al., 1999). 
 The TMI employs metrics from four categories that are commonly used to 
evaluate biological conditions (Arnwine et al., 2009).  The TR and EPT metrics are 
richness measures, which generally correlate with increasing health of an 
assemblage (Barbour et al., 1999).  The EPT metric is a key indicator group, since 
these orders, consisting of mayflies, stoneflies, and caddisflies, are known to be 
sensitive to pollution.   
 The % OC and % EPT metrics are composition measures, which use 
information of key taxa to provide information on the contribution of these taxa to 
the assemblage (Barbour et al., 1999).  Oligochaetes and chironomids are pollution-
tolerant groups.  Oligochaeta is a subclass of annelid worms, while Chironomidae is 
a family of midges.  
 NCBI and TNUTOL are pollution tolerance measures, where tolerance is not 
specific to a type of pollutant (Arnwine et al., 2009).  The North Carolina Biotic Index 
uses tolerance values at the genus level to weight abundance in an estimate of 
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overall pollution (TDEC, 2011; Lenat, 1993).  TNUTOL consists of 12 specific 
nutrient-tolerant taxa (TDEC, 2011).   
  The seventh metric, % Clingers, is a habitat measure, indicating how 
macroinvertebrates move and position themselves within their habitats (Barbour et 
al., 1999).  This metric denotes the proportion of the assemblage adapted to clinging 
to fixed, rocky substrate.     
1.2.2 Fine Sediment Deposition and its Effects on Aquatic Life 
 Sediment mainly enters watershed systems through the hillslope processes 
of the surrounding lands and the erosion of the stream banks.  It is then carried 
away downstream or deposited on the bed depending on characteristics of the 
material and the local flow conditions.  This is a naturally occurring process that is 
an important geomorphological component of the stream channel.  It is around this 
process that a balance of sediment input and output naturally fluctuates around a 
mean level.  Disturbance of the land through various anthropogenic activities, 
however, can result in the introduction of high amounts of sediment into the nearby 
streams (Lenat et al., 1981).  It is when sediment level exceeds natural conditions 
that it is considered a pollutant due to effects such as habitat alteration, the 
introduction of absorbed pollutants, and smothering (Lenat et al., 1981).  An 
increase in the volume of fine sediment can also result in higher sediment 
deposition and aggradation of the stream bed (Wood & Armitage, 1997).   
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 There are a number of ways in which excess fine sediment deposition has 
been shown to negatively impact benthic macroinvertebrates.  Fine sediment can 
deposit on the gills of macroinvertebrates and thus affect respiration (Lemly, 1982).  
Excess fine sediment can also clog the interstitial spaces in the substrate, which 
reduces available habitat for benthic macroinvertebrates (Richards & Bacon, 1994).  
Kaller and Hartman (2004) found a consistent negative relationship between fine 
sediment and Ephemeroptera, Plecoptera, and Trichoptera (EPT) taxa richness in 
seven Appalachian streams in West Virginia.  The results of their study also suggest 
that a fine sediment threshold exists such that EPT diversity is negatively affected 
when particles <0.25 mm exceed 0.8% to 0.9% of riffle substrate composition.  
Another study in an Appalachian stream in West Virginia also found a negative 
relationship between EPT taxa richness and increasing amounts of fine sediment, as 
well as negative relationships between increasing amounts of fine sediment and 
other biometrics, such as biomass and macroinvertebrate density (Angradi, 1999). 
1.2.3 Fine Sediment Size Classes 
 Fine sediment in the context of this study is defined as particles less than 2 
mm in diameter.  Fine sediment can be subdivided into three size classes:  sand, silt, 
and clay.  Each size class is known to have different effects on benthic 
macroinvertebrates, but there is little consensus on which size class has the most 
detrimental effects.   
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 Sand particles have diameters of 0.063-2 mm.  Due to their composition, 
these particles lack cohesive forces and are easily entrained by flowing water.  
However, they are also heavy enough that they fall out of suspension quite easily.  
Because of these factors, the suspension and deposition of sand can result in an 
unstable habitat for benthic macroinvertebrates (Wood & Armitage, 1997).  This can 
either hinder upstream migration of invertebrates or increase their downstream 
drift, resulting in a lack of productivity (Wood & Armitage, 1997). 
 Silt particles have diameters of 0.004-0.062 mm.  They are more cohesive 
than sand.  This means that silt particles will not be as easily entrained and will stay 
in suspension at lower flow velocities than sand.  The deposition of silt has been 
correlated with low dissolved oxygen levels within the stream (Wood & Armitage, 
1997).  Silt particles can also deposit on the gills of aquatic species and lead to 
suffocation (Wood & Armitage, 1997).  Lower density and diversity within benthic 
macroinvertebrate communities have been associated with sand-dominated and 
silt-dominated substrates (Kaller & Hartman, 2004). 
 Clay particles have diameters of <0.004 mm.  They have very high cohesion.  
Clay particles have the ability to aggregate in interstitial spaces on the stream floor, 
clogging these spaces and smothering the invertebrates that live there (Wood & 
Armitage, 1997).  It has also been suggested that clay deposited on organic matter 
can act to reduce its quality as food for macroinvertebrates (Davies-Colley et al., 
1992). 
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1.3 Objectives and Hypotheses 
 This study had two main objectives.  The first was to investigate the 
relationship between bed sediment particle size and benthic macroinvertebrate 
metrics in wadeable, East Tennessee streams.  The second was to determine 
whether a particular fine sediment particle-size class predominantly affects benthic 
macroinvertebrate metrics.   
 To achieve these objectives, six hypotheses were tested based on the concept 
that benthic macroinvertebrates are affected by stream-bed sediment 
characteristics, and thus that sediment metrics could potentially be used as 
indicators of a stream’s ability to support life.  I expected that macroinvertebrate 
metrics would respond to fine sediment pollution in the same way that they respond 
to pollution in general.  According to TDEC (2011), metrics that are expected to 
decrease with increased pollution are TR, EPT, % EPT-Cheum, % Clingers, and the 
TMI score itself.  Metrics that are expected to increase with increased pollution are 
% OC, NCBI, and % TNUTOL.  I hypothesized that: 
1. Median bed particle size and D84, as determined by pebble counts, will be 
positively correlated with TMI scores as well as with metrics TR, EPT, % EPT-
Cheum, and % Clingers. 
2. Median bed particle size and D84, as determined by pebble counts, will be 
negatively correlated with metrics % OC, NCBI, and % TNUTOL. 
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3. Percent fine sediment (< 2 mm), as determined by pebble counts, will be 
negatively correlated with TMI scores, TR, EPT, % EPT-Cheum, and % 
Clingers. 
4. Percent fine sediment (< 2 mm), as determined by pebble counts, will be 
positively correlated with % OC, NCBI, and % TNUTOL. 
5. TMI metrics will be correlated (either positively or negatively) with at least 
one fine sediment size class. 
6. Substrate metrics will significantly differ between TMI impairment groups. 
1.4 Notes on Previous Research 
 Related research has previously been conducted at the University of 
Tennessee by James Terrell (2011) and Kelley Williams (2005).  Like the present 
study, their studies had the common overall goal of investigating the relationship 
between stream sediment metrics and benthic macroinvertebrate health.  The three 
studies were conducted in the same ecoregion and contained some overlap in 
sampling locations.  Williams (2005) also investigated fine sediment (<2 mm) 
composition to determine how it was related to macroinvertebrate health.  In that 
study, sediment samples were taken with a cylindrical stainless steel sampler in 
depositional areas within riffles, such as point bars, side bars, or behind any 
structures creating a deposit.  Williams determined particle size using a series of 
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sieves and a hydrometer.  Her results showed that macroinvertebrate status was 
most negatively associated with sediment in the medium to fine silt-size ranges. 
 Terrell (2011) investigated the relationship between bed sediments and TMI 
score using the Wolman pebble count method.   His results showed that TMI score 
had a significant negative correlation with the percent of sediment <2 mm.  Using 
Spearman Rank correlation coefficients, he also found a positive correlation 
between TMI scores and D50 and D16 values, meaning that TMI scores improved as 
overall bed sediment-size increased.  Although he described these correlations as 
not being particularly strong, they were significant and suggest an underlying 
relationship between TMI score and channel bed sediments.  The present study was 
designed to extend the previous research by adding a severely impaired sample site 
as well as increasing the size of the dataset. 
1.5 Thesis Organization 
 In this chapter, I have presented the justification and background for why 
this research was conducted, as well as the hypotheses that were tested.  Chapter 2 
gives an overview of the methods used to test these hypotheses, including sample 
site identification, sample collection, data analysis, and statistical analysis.  In 
Chapter 2, I also describe the study area in which data were collected.  Chapter 3 
presents the results from the statistical analyses.  Chapter 4 discusses the 
implications of these results and suggests possible interpretations of the results.  
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The final chapter presents the overall conclusions from this study’s findings, as well 
as suggestions for future research.      
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Chapter 2 
Methods 
2.1 Study Area 
 This study was conducted in the Ridge and Valley Ecoregion (Ecoregion 67) 
in Eastern Tennessee.  Ecoregions are areas that share similar environmental 
characteristics and are used as a spatial framework for environmental research, 
management, and monitoring (Griffith & Omernik, 2009).  TDEC, for example, uses 
ecoregion-specific standards to set chemical and biological water quality criteria 
(Griffith & Omernik, 2009). 
 As a whole, the Ridge and Valley Ecoregion is long and narrow and stretches 
southwest to northeast over 1,600 km, from southern New York to northeastern 
Alabama (Friesen & Stier, 2012).  The geology of the region is characterized by 
parallel ridges formed from folding and faulting events.  This unique topography 
causes most watersheds in the region to take on a trellis drainage pattern.  Forest 
cover, agricultural lands, and developed areas make up the three dominant land 
cover types in the ecoregion (Friesen & Stier, 2012). 
 The Ridge and Valley Ecoregion in Tennessee is relatively low-lying and lies 
between the Blue Ridge Mountains (Ecoregion 66) to the east and the Cumberland 
Plateau (Ecoregion 68) to the west.  Geologic material underlying the region consists 
of limestone, dolomite, shale, siltstone, sandstone, chert, mudstone, and marble 
13 
 
(Griffith & Omernik, 2009).  Forest cover makes up about 50% of the region (Griffith 
& Omernik, 2009).  In Tennessee, the Ridge and Valley is divided into four separate 
sub-ecoregions.  These include the Southern Limestone/Dolomite valleys (67f), 
Southern Shale Valleys (67g), the Southern Sandstone Ridges (67h), and the 
Southern Dissected Ridges and Knobs (Griffith & Omernik, 2009).  The topography 
in these sub-regions ranges from low-lying valleys to steep ridges.  Land-use 
patterns in the area range from agriculture to forests, with some areas of urban 
development as well as state and national managed lands (Friesen & Stier, 2012).     
 The southern Ridge and Valley lies within temperate latitudes.  This provides 
for a mild climate and good growing conditions, which produce a wide diversity of 
plant life in the region.  Mean annual temperatures range from 39°F to 62°F.  Mean 
annual rainfall ranges from 88.9 cm to 139.7 cm, but can increase with elevation 
(Landscope America, 2013).   
2.2 Site Selection 
 Sampling sites were selected from locations that had been recently assessed 
(no earlier than 2007) by TDEC and had available TMI data.  Sampling locations 
corresponded with given latitude and longitude points of previous TDEC sampling 
locations.  Site selection was also limited to TDEC sampling locations where semi-
quantitative single habitat (SQSH) surveys had been conducted.  Current TDEC 
sampling methods are biorecons (BR) and semi-quantitative single habitat surveys.  
Of these two methods, SQSH surveys are used to calculate the TMI scores.  BRs are 
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used as quick general assessments of a watershed and are mainly used to determine 
if more intensive monitoring is needed (TDEC, 2011).  SQSH surveys are used when 
the stream status is not obvious from the results of a BR (TDEC, 2011).  SQSH 
surveys are considered more scientifically defensible and definable.   
 For this study, 20 sampling locations were selected within the Ridge and 
Valley Ecoregion of East Tennessee.  Sites were selected so as to obtain a wide range 
of TMI scores (severely impaired to non-impaired), and no site was located 
downstream from a location of point-source pollution.  Only one site listed as 
severely impaired was sampled due to the fact that SQSH samples are rarely 
performed on streams that are considered obviously impaired (TDEC, 2011).  Figure 
1 shows the sampling locations.  Table 1 lists the sampling site station ID names, 
latitude and longitude coordinates, and counties. 
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Figure 1: Site Locations (source: Google Earth) 
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Table 1: Sampling Locations 
Station ID Location County 
BEAVE.037.0KN 36.0824, -83.9246 Knox 
BEAVE040.1KN 36.09491, -83.88313 Knox 
BULLR032.2UN 36.1992, -83.81440 Union 
BULLR1T0.6UN 36.17907, -83.92644 Union 
CARTE000.1SV 35.79878, ‐83.73975 Sevier 
COX000.2KN 36.0784, ‐83.89830 Knox 
CROOK007.2BT 35.73172, ‐83.88409 Blount 
ECO67F06 36.21361, -84.05972 Anderson 
ELLEJ000.1BT 35.77325, ‐83.84909 Blount 
FLAG000.1BT 35.76548, ‐83.88941 Blount 
HINDS006.8AN 36.14605, ‐84.07650 Anderson 
HOLLY000.5BT 35.82130, -83.91458 Blount 
INDIA001.0SU 36.4604, -82.2550 Sullivan 
LELLE000.2BT 35.787, ‐83.80924 Blount 
MADD001.2SU 36.53903, -82.546390 Sullivan 
MCCAL000.9KN 35.90468, ‐83.84851 Knox 
NAILS000.7BT 35.81360, -83.88261 Blount 
PITNE000.8BT 35.81027, -83.76829 Blount 
STOCK003.2KN 35.87810, ‐83.89560 Knox 
STOCK005.3KN 35.8886, -83.86500 Knox 
Station ID names are made up of an abbreviation of the stream name followed by the stream 
mile and an abbreviation of the name of the county. 
 
2.3 Field Procedure 
 All field sampling was conducted in riffles.  This is because TDEC conducts 
most SQSH surveys within riffles (TDEC, 2011).  Riffle areas are also appropriate 
because pools collect fine sediment even in unimpacted streams (Kaller & Hartman, 
2004).  Upon arriving at a sampling site, I used a GPS unit as well as site descriptions 
provided by TDEC to locate the riffle.  If the TDEC coordinates did not fall directly on 
a riffle, then I selected an appropriate riffle located close to the given coordinates.  
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Once a riffle was chosen, I measured the riffle length and placed plastic stakes along 
the edge of the bank to mark 0%, 25%, 50%, 75%, and 100% of the riffle length.  
Throughout the process, I was careful to minimize disturbance to the stream bed by 
walking along the banks or point bars whenever possible. 
2.3.1 Pebble Count Procedure 
 To obtain data included for testing the first four hypotheses, I used a 
modified version of the Wolman pebble count method.  Four sections were marked 
by the plastic stakes along the riffle length.  The starting point for each section was 
at the beginning of each marker along the wetted width of the stream.  To ensure 
consistency, particles were then selected by averting my eyes and picking up the 
first particle I touched.  I used a gravelometer to determine particle size class by 
measuring the smallest hole the β-axis of a particle would fit through.  Any fine 
sediment encountered was recorded as <2 mm.  This process was repeated at least 
25 times per section while moving perpendicular to the flow to give a total of 
approximately 100 particles measured for each riffle.  A tally of each particle 
measured by size class was recorded on a data sheet.   
2.3.2 Fine Sediment Sample Collection 
 Fine sediment was collected using a using a stainless steel sediment sampler 
(SS Sampler) (Figure 2).  The SS sampler is a cylindrical metal sampler with a length 
of 20.2 cm and an inside diameter of 7.1 cm.  A sample was taken by inserting the 
sampler into the substrate, moving against the direction of flow.  Before lifting the 
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sampler out of the water, a metal plate was inserted over the top of the sampler so 
that fine sediment would not be lost during the process.  Samples were collected 
within the thalweg at 0%, 50%, and 100% of the measured riffle length, moving 
upstream to ensure that disturbed sediment was not collected.  All contents of the 
sampler, including water, were bagged and taken back to the lab to be used to test 
the fifth hypotheses, that TMI metrics would be correlated with at least one fine 
sediment size class. 
 
Figure 2: Stainless Steel Sediment Sampler and Metal Plate 
 
2.4 Pebble Count Calculations 
 The percentage of fine sediment (% <2 mm) for each site was calculated from 
pebble count data.  Pebble count metrics were calculated by entering the data into a 
spreadsheet from the State of Ohio Department of Natural Resources (Mecklenburg, 
2006).  This spreadsheet was also used to derive D50 and D84 values for each site.  D 
values represent the particle-size diameters at which that particular percentage of 
the sample was smaller.  For example, a D84 value represents the particle-size 
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diameter at which 84% of the sample was smaller.  D50 represents the median 
particle-size diameter for the sample.  Particle-size distribution curves generated 
from these data can be found in Appendix 1. 
2.5 Laboratory Procedure 
2.5.1 SS Sample Processing 
 Sediment collected with the SS Sampler was brought back to the lab.  
Samples were washed from their containers into aluminum trays and dried in an 
oven for 24 hours at 105°C.  Once dried, each sample was transferred to a 2 mm 
sieve.  The sieve was placed on a sieve shaker and shaken for five minutes to 
separate fine sediment from the larger particles in the sample.  All sediment less 
than 2 mm was then gently transferred to a zip-lock container to be stored before 
being prepared for the particle size analysis. 
2.5.2 Sample Preparation Procedures 
 Each dried and sieved sample was homogenized so that there was an even 
size distribution throughout the container.  Then, two 0.5 g to 0.9 g subsamples 
were taken and placed in a 50 mL beaker for chemical pretreatment for laser 
particle-size analysis.  Pretreatment of each sample was required before an accurate 
laser measurement of a particle-size distribution could be taken.  This is because 
certain minerals will not allow for proper separation of certain particles or may 
even cause particle aggregation.  Both pretreatment procedures were based on 
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those outlined by Pansu and Gautheyrou (2006).  First, carbonates were removed in 
a procedure using 10% hydrochloric acid (10% HCl), because the presence of 
carbonates can cause aggregation in soils and, unless removed, no meaningful 
separation of silts and clays can be achieved (Kunze & Dixon, 1986).  The procedure 
for the removal of carbonates was: 
 Create a slurry using water 
 Add 10% HCl to the slurry 
 Continue to add 10% HCl in small amounts until the sample no longer reacts 
 Once reaction is complete, add 10 mL of water and boil for 5 minutes 
 Decant remaining liquid 
 Next, organic matter was removed from the soil.  Organic matter has a high 
aggregation capacity, which can hinder the proper dispersion of a sample (Pansu & 
Gautheyrou, 2006).  This was accomplished using highly concentrated (35%) 
hydrogen peroxide (H2O2).  The reaction of organic matter and H2O2 can be seen in 
Figure 3.  The procedure for the removal of organic matter was: 
 Submerge sample in approximately 10 mL of 3% H2O2 
 Leave sample submerged at room temperature for at least 1 hour 
 Heat sample to 60°C  
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 Add 35% H2O2 in small amounts (< 1 mL) 
 Continue to add in small amounts until foaming and effervescence stops 
 Add water and bring to a controlled boil 
 Decant remaining liquid 
 Once carbonates and organic matter had been removed, samples were left to 
sit in a 5% solution of sodium hexametaphosphate, a liquid dispersal agent, for 
approximately 24 hours.   
 
 
 
Figure 3: Reaction of 35% H2O2 and Organic Matter in Sediment Samples 
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2.5.3 Particle Size Analysis 
 A Cilas Laser Particle Size Analyzer 1190 (Figure 4) was used to determine 
the percentage of sand, silt, and clay for each sample.  This method uses the 
principle of laser diffractometry, that particles of different sizes will reflect light at 
different angles (Beuselinck et al., 1998).  This method of particle size analysis has 
proven to be effective in that it can measure sediment sizes quickly and with high 
precision.   In this case, sediment was dispersed in a pool of water and passed 
through a chamber that contained a laser and a number of sensors.  A particle-size 
distribution is determined while the sample is in liquid suspension and is being 
continuously pumped through the machine.  The Cilas Analyzer builds a cumulative 
frequency distribution by measuring the percent by volume of size classes, ranging 
from 0.04 µm to 2500 µm.   
  
Figure 4:  Cilas Laser Particle Size Analyzer 1190 
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 Samples were analyzed using the liquid dispersion method, meaning that 
sediment samples were introduced to the analyzer via a pool of water at the top of 
the apparatus.  Before a sample was processed, an additional 5 mL of sodium 
hexametaphosphate was added to the pool to help disperse the sample.  Also, a 
background measurement was run so that the analyzer could subtract out any 
residual debris that might be in the system.   
 Once a sample was introduced, dispersal of the sample was further achieved 
through an automatic stirrer and 60 seconds of ultrasonication.  The analyzer was 
set to take measurements only when an obscuration rate—a measure of the 
concentration of the sediment—of 15% to 25% had been achieved.  These 
specifications were used in accordance with the findings of Sperazza et al. (2004), 
who achieved the most accurate and reproducible results using these particular 
settings.  To achieve the desired obscuration rate, some subsamples were run at 
once, while other subsamples had to be run separately.  Once a sample had been 
run, the results were displayed in the form of a histogram, a cumulative frequency 
curve, and the percentage by volume of clay, silt, and sand within a sample.  In cases 
where the two subsamples were analyzed separately, the mean percentage was 
used for statistical analysis.  The two cumulative frequency curves generated in 
these cases are displayed overlaid on the same chart.  All cumulative frequency 
curves generated for this part of the analysis can be found in Appendix 2. 
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2.6 Statistical Analysis 
   To prepare for analysis, data derived from pebble counts and data obtained 
from laser particle-size analysis were compiled in two separate Excel spreadsheets 
to be used separately in testing different sets of hypotheses.  Pebble count data from 
previous studies by Terrell (2011) and Williams (2005) were added to the pebble 
count dataset to increase the sample size.  Data from 14 sites were added from 
Terrell’s study, and data from 57 sites was added from Williams’ study.  Sediment 
metrics were recorded directly from the raw data from each study.  TMI metrics 
from each site were added so that the data corresponded to the time period in 
which the particular study was conducted.  In cases where there was an overlap in 
same sampling site between the different studies, data from the most recent study 
were used.  Each spreadsheet also included all TMI scores and metrics, as well as a 
column for impairment status.  All statistical analyses were conducted using SPSS 
19.0.   
 Bivariate correlation tests were performed using Spearman rank correlation 
coefficients.  This analysis tested for positive and negative relationships between 
sediment metrics and TMI metrics.  This same analysis was also performed to test 
for correlations between TMI metrics and fine sediment particle size classes.  This 
nonparametric test was used due to the non-normal distribution of the data, which 
was determined using Shapiro-Wilk tests. 
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 To test for differences in sediment size metrics (% <2 mm, D50, and D84) 
among impairment groups, I used a multiple analysis of variance (MANOVA).  For 
the purposes of this test, sediment metrics were treated as the dependent variables 
and impairment groups as the independent variables.  MANOVA works by 
combining the dependent variables into a single, linear dependent variable so as to 
maximize the group differences.  If MANOVA results were found to be significant, 
then univariate ANOVA and Fisher’s Least Significant Difference (LSD) post-hoc 
tests were conducted as follow-up tests to assess more specific differences between 
sediment metrics among impairment groups.  A Box’s test was included in the 
MANOVA procedure to help in interpreting MANOVA results.  Due to the non-
normal distribution of the data, a Kruskal-Wallis H test was also used.  If sediment 
size metrics were found to be significantly different among impairment groups, a 
Mann-Whitney U test was performed to assess more specific differences.   Since only 
one severely impaired site was sampled, this data point was included with the 
moderately impaired group.  
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Chapter 3 
Results 
3.1 Results from Pebble Count Data 
3.1.1 Collected Data 
 Modified Wolman pebble counts were conducted at 20 sites (Table 2).  TMI 
scores for those sites ranged from from 10 to 38.  This included eight non-impaired 
sites, six slightly impaired sites, five moderately impaired sites, and one severely 
impaired site.   
3.1.2 Results from Combined Dataset 
 Pebble count data from the two previous studies were added to the dataset.  
Pebble count data consisted of D50, D84, and percent fine sediment (% <2 mm) 
(Table 2).  In this combined dataset of 91 sites, TMI scores ranged from 10 to 42, 
with 45 non-impaired sites, 34 slightly impaired sites, 11 moderately impaired sites, 
and one severely impaired site.  Sediment size metrics showed high variability.  D50 
showed minimum and maximum values of 0.06 mm and 136.24 mm, with a mean of 
26.44 ± 28.71 mm.  D84 showed minimum and maximum values of 0.062 mm and 
448.82 mm, with a mean of 80.11 ± 86.29 mm.  The mean % <2 mm was 27.56%, ± 
24.3%.   
 A Shapiro-Wilk test showed that the sediment metrics D50, D84, and % <2 mm 
from the combined dataset were not normally distributed (Table 3), and therefore 
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Table 2: Wolman Pebble Count Combined Dataset, with TMI Metrics 
Station ID 
D50 
(mm) 
D84 
(mm) 
% <2 
mm 
TMI 
Score 
Impairment 
Status TR EPT %EPT %OC NCBI % Clingers %TNUTOL 
Data 
Collected 
by 
BEAVE037.0KN 24 65 14 20 Moderate 21 3 16 38.3 5.68 45.1 64.2 Lynch 
BEAVE040.1KN 4.2 9.1 42 20 Moderate 16 2 14.1 34.7 5.79 55.3 60.6 Lynch 
BULLR032.2UN 26 61 6 36 Non 20 7 66.2 2.8 4.91 57.4 52.8 Lynch 
BULLR1T0.6UN 28 79 6 38 Non 37 13 31 15.5 4.22 50.3 18.7 Lynch 
CARTE000.1SV 14 28 12 34 Non 46 13 29.2 19.5 3.26 50.3 14.1 Lynch 
COX000.2KN 24 100 5 24 Slight 24 3 15.4 21 5.49 49.4 67.3 Lynch 
CROOK007.2BT 50 120 4 36 Non 22 8 61.3 12.7 4.44 59.5 56.1 Lynch 
ECO67F06 23 36 5 34 Non 31 8 25.4 12.7 3.99 43.9 25.4 Lynch 
ELLEJ000.1BT 8 110 14 20 Moderate 31 10 42.5 15.8 4.66 53.4 49.8 Lynch 
FLAG000.1BT 12 22 13 24 Slight 23 7 24.9 42.2 4.47 33.8 40.9 Lynch 
HINDS006.8AN 30 84 1 30 Slight 14 4 53.8 4.9 5.5 57.1 78.3 Lynch 
HOLLY000.5BT 22 32 10 20 Moderate 21 5 11.7 70.7 4.95 48.1 29.3 Lynch 
INDIA001.0SU 15 39 5 20 Moderate 31 7 9 40.2 4.19 58.7 36 Lynch 
LELLE000.2BT 12 26 23 26 Slight 30 5 26.3 52.2 4.96 38.5 36.6 Lynch 
MADD001.2SU 5.6 38 46 10 Severe 13 1 0.6 58.5 7.98 4.3 56.7 Lynch 
MCCAL000.2KN 15 42 16 24 Slight 30 3 7.9 47.2 5.5 52.8 49.1 Lynch 
NAILS000.7BT 24 80 5 32 Non 26 9 34 5.3 5.34 68.9 68.4 Lynch 
PITNE000.8BT 32 60 6 30 Slight 20 7 7.1 2.8 4.13 47.4 37 Lynch 
STOCK003.2KN 0.06 0.06 89 34 Non 28 9 35.8 17 4.89 64.2 68.4 Lynch 
STOCK005.3KN 16 36 13 34 Non 23 7 31.9 4.9 4.08 74.7 63.7 Lynch 
HINDS014.1AN 6 86 40 32 Non 31 5 30.7 34.4 4.17 39.3 47.2 Terrell 
LTURK001.4KN 4.4 76 40 28 Slight 23 3 56.3 6.8 5.15 44.7 28.4 Terrell 
NAILS004.5BT 0.84 48 53 30 Slight 22 6 34 19.6 5.33 55 67.7 Terrell 
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Table 2: Continued  
Station ID D50 D84 
% <2 
mm 
TMI 
Score 
Impairment 
Status TR EPT %EPT %OC NCBI % Clingers %TNUTOL 
Data 
Collected 
by 
NAILS008.3BT 0.37 12 63 32 Non 32 7 13.3 19.7 5.25 55.8 70.4 Terrell 
PEPPE000.7BT 0.06 4.7 70 28 Slight 21 6 9.4 28.6 5.23 49.6 81.2 Terrell 
PROCK003.1RO 17 80 26 40 Non 32 13 62.7 7.8 4.7 66.3 52.3 Terrell 
ROCKY000.8BT 2 16 46 32 Non 20 4 26.9 18.9 5.21 57.1 61.7 Terrell 
RODDY000.6BT 0.17 6.3 61 30 Slight 26 7 29.2 20.8 4.84 49 60.4 Terrell 
RUSSE000.9BT 1.6 110 51 28 Slight 32 5 9.6 45 5.58 54.1 34.4 Terrell 
SFCRO000.1BT 0.15 1.2 83 28 Slight 17 5 19.5 7.4 5.14 79.5 69.3 Terrell 
WILDW000.1BT 5.1 350 25 28 Slight 17 8 35.6 15.6 5.28 50.6 61.7 Terrell 
BUFFA001.1AN 4.9 42 35 18 Moderate 25 6 8.6 52.5 5.93 11.8 59.3 Terrell 
ECO67I12 11 47 29 38 Non 36 14 69.5 17.5 3.18 23.5 14.5 Terrell 
ELLEJ008.0BT 0.35 3.2 75 26 Slight 37 7 13.7 48.2 5.22 39.8 48.2 Terrell 
ALEXA000.2HS 15.1 109 22.45 32 Non 29 9 26.1 14 4.76 59.9 65.7 Williams 
BARM000.5SU  13.5 44.3 32 28 Slight 29 6 6.1 40 4.99 32.8 41.7 Williams 
BLIME004.0WN 13 22 16 24 Slight 32 6 9.9 36 5.53 27.3 73.8 Williams 
BOONE001.7WN  8.34 16.9 43.66 24 Slight 30 5 19.1 29.4 4.69 52 54.4 Williams 
BOONE003.7WN 32.2 75.1 29.87 30 Slight 23 5 7.4 19.3 5.42 68.3 56.9 Williams 
BRUSH000.7WN 80.5 148 10.29 30 Slight 18 5 32.2 10.6 5.16 60 27.2 Williams 
BSPRI000.2CT 133 236 6.38 36 Non 28 9 46 19.5 4.66 51.1 42 Williams 
BUFFA000.2CT 24.8 62.3 42.86 36 Non 16 9 67.3 7.3 4.1 58.8 36.4 Williams 
CANEY004.3RO 36 66.7 52 24 Slight 27 4 8.4 40.7 5.21 35.3 49.1 Williams 
CARSO000.1WN 11.8 24.6 53 24 Slight 28 5 16.8 59.2 5.57 50 69 Williams 
CAWOO000.2CL 5.17 30.3 24.66 34 Non 21 6 15.8 13.9 4.6 63.6 72.7 Williams 
DAVIS011.6CL 14 69.6 22.67 38 Non 24 9 57.1 1.8 3.95 75.7 56.6 Williams 
DAVIS014.6CL 6.28 10.9 40 34 Non 28 10 9.8 15.6 4.89 75.6 75.6 Williams 
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Table 2: Continued 
Station ID D50 D84 
% <2 
mm 
TMI 
Score 
Impairment 
Status TR EPT %EPT %OC NCBI % Clingers %TNUTOL 
Data 
Collected 
by 
DAVIS016.2CL 24.3 107 12.5 30 Slight 37 6 32.6 22.9 5.6 35.4 35.4 Williams 
DAVIS018.1CL 15.5 30.7 4 28 Slight 33 7 26.7 11.3 4.88 30.8 28.2 Williams 
DAVIS020.5CL 18.6 36.5 0 26 Slight 20 6 9.2 0 4.76 36.4 54.8 Williams 
DAVIS022.6CL 1 1 100 16 Moderate 23 0 0 12.1 7.21 10.6 9.7 Williams 
DAVIS024.1CL 20.5 35.3 0 12 Moderate 15 1 1.3 3.5 7.2 9.6 
 
Williams 
DRY001.3SU 47.5 98.4 24 40 Non 38 15 33.2 23.7 3.75 61.1 31.1 Williams 
ECO6701 100 181 41.51 37.33 Non 28 11 49 13.2 4.85 64.7 54.4 Williams 
ECO6702 16.7 35.8 42.42 36.67 Non 19 6 55 6.4 4.55 68.8 50.5 Williams 
ECO67F13 41.4 113 12.12 37.6 Non 30 12 39.7 3.7 3.48 65.1 26.5 Williams 
ECO67F16 48.2 72.5 2 39.33 Non 37 14 46 12.7 4.1 58.7 35.7 Williams 
ECO67F17 71.8 263 1.1 37.43 Non 35 10 53 4.7 3.73 82.9 67.5 Williams 
ECO67F23 83.3 449 8.82 36 Non 19 8 28.6 1.5 4.54 51.9 39.3 Williams 
ECO67G01 25.8 55.7 13.16 34.86 Non 19 6 39.7 8.5 5.09 53.3 67.3 Williams 
ECO67G05 79.9 169 11 38.8 Non 21 5 6.1 3.7 6.95 14.6 84.1 Williams 
ECO67G08 23.4 70 24.56 38 Non 20 7 77.3 13.3 6.58 23.9 76.1 Williams 
ECO67G09 21.3 49.2 19.44 40 Non 25 9 26.7 48.7 5.11 56.4 26.2 Williams 
ECO67H04 24.8 81.6 10 30.67 Slight 27 9 26.1 34.4 4.96 20 43.9 Williams 
FALL000.6WN 38.1 313 20.22 36 Non 32 9 25.4 13.7 4.98 70.6 70.1 Williams 
FLAT001.0HA 27.7 70 2 38 Non 25 11 37.5 2.5 3.93 77.9 62.9 Williams 
FOURM000.4HK 68.1 170 10 38 Non 22 10 60.3 2.9 3.54 74.5 49.5 Williams 
JOCKE000.1WN 18.4 39.1 19 28 Slight 21 5 16.9 13 5.14 71.2 84.2 Williams 
LICK052.3GE 100 300 8.33 38 Non 37 9 36.4 19.5 4.81 69.2 60 Williams 
LICK061.0GE 5.06 8.94 34.34 30 Slight 27 7 31 37.9 4.63 29.9 50 Williams 
MEADO000.4GE 65.8 146 9.28 34 Non 23 6 19.8 25.2 5.23 67.6 68.9 Williams 
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Table 2: Continued 
Station ID D50 D84 
% <2 
mm 
TMI 
Score 
Impairment 
Status TR EPT %EPT %OC NCBI % Clingers %TNUTOL 
Data 
Collected 
by 
PIGEO001.0GE 14 76.1 35.9 34 Non 33 9 34.4 26.7 4.76 47.2 44.4 Williams 
RICHL001.3GE 19 38.3 28.51 32 Non 35 6 19.4 22.1 5.17 67.7 56.2 Williams 
RICHL004.2GE 26.9 174 39.08 16 Moderate 19 3 2.7 70.1 5.87 24.1 87.7 Williams 
RUSSE000.3CL 10.2 19.8 39 20 Moderate 33 4 2.5 56.5 6.29 13.7 13.6 Williams 
SFLSE001.7MM 8.46 16.1 49.48 30 Slight 39 8 32.2 40.1 5.1 51.5 58.4 Williams 
SINKI003.2GE 68.6 125 12.73 37 Non 35 10 37.5 20.5 4.56 54.5 62 Williams 
STEEK000.7LO 17.3 27.5 13 24 Slight 31 6 13.2 70.1 5.23 25.3 43.7 Williams 
STONY000.3CT 60.6 146 3 38 Non 37 16 38.8 28.8 3.95 46.6 31.1 Williams 
SWEET009.3LO 4.92 8.4 60.6 26 Slight 17 5 36 14.9 4.75 16.6 80 Williams 
SWEET017.3MO 1 1 100 14 Moderate 21 2 1.3 62.8 7.57 17.3 71.2 Williams 
SWEET019.4MO 10.7 20.3 50.5 30 Slight 26 5 26.1 12.4 5.04 77.1 81.2 Williams 
SWEET023.3MO 6.92 10.1 73.86 36 Non 25 8 55.7 11.5 4.55 62 81.2 Williams 
THOMP000.6MM 73 272 68.82 25.33 Slight 35 6 17.4 43.8 5.22 77.6 37.8 Williams 
TOWN000.5LO 8.57 20.8 41 36 Non 19 8 50.3 3.6 3.88 81.7 79.7 Williams 
TOWN002.1LO 136 229 1.1 38 Non 21 10 63 4.6 4.19 67.6 53.8 Williams 
TURKE000.5HK 56.5 242 2.02 42 Non 38 20 49.4 11.1 3.66 72.2 32.7 Williams 
WFPAN000.1HK 15.8 22.6 11 32 Non 27 5 31.8 27.4 4.29 55.9 23.5 Williams 
WILLO000.6KN 17.5 28.6 0 28 Slight 18 5 83.8 5.8 5.73 80.1 
 
Williams 
HINES000.2KN 15 26.5 15 22 Slight 29 2 1.1 47.2 5.65 56.7 72.2 Williams 
BEAVE024.7KN 14.1 25.5 6 34 Non 22 4 31.7 25.7 5.31 64.7 65.9 Williams 
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the nonparametric Spearman correlation method was used.  Results of the Spearman’s 
Rank Correlation Coefficient test for correlations between sediment metrics and TMI 
metrics, including the index score, can be found in Table 4.  Correlations were 
considered to be significant at an alpha level of 0.05.  The results from this test showed 
many significant correlations between sediment and TMI metrics.  Six of the seven TMI 
metrics were significantly correlated with D50 and/or D84.  The exception was taxa 
richness (TR), which showed no significant correlations with either sediment size 
metric.  The % TN nutrient-tolerant organisms (TNUTOL) was negatively correlated 
with D50, but showed no significance with D84.  The strongest correlation was that 
between D50 and TMI score, with a correlation coefficient of 0.477 (p<0.001).  The 
correlation between D84 and TMI score was similar, with a correlation coefficient of 
0.426 (p<0.001).  Although most other TMI metrics were significantly correlated with 
D50 and D84, these correlations coefficients were not as high.  The highest was a 
correlation of 0.380 (p<0.001) between the number of EPT taxa and D84.  All other 
significant correlation coefficients ranged in absolute value from 0.344 to 0.188.  
Correlations between these sediment metrics and % Oligochaetes and Chironomids (% 
OC) and the North Carolina Biotic Index (NCBI) showed negative correlations. 
 The % <2 mm sediment metric, as determined from pebble counts, showed 
significant correlations with nearly all macroinvertebrate metrics, with the exceptions 
of taxa richness and % clingers.  The highest correlation was a positive correlation with 
% OC, with a coefficient of 0.375 (p<0.001).  All other correlations showed coefficients 
of less than 0.300, which are generally considered to be weak associations.  The 
correlation between % <2 mm and TMI scores was the next highest (in terms of 
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absolute value) with a negative correlation of -0.287 (p<0.01).  All other significant 
correlation coefficients ranged in absolute value from 0.238 to 0.284.  
Table 3: Shapiro-Wilk Test for Sediment Metrics D50, D84, and % <2 mm 
Shapiro-Wilk Test of Normality 
 
Statistic df Sig. 
D50 0.776 91 0.000 
D84 0.778 91 0.000 
% <2 mm 0.89 91 0.000 
Significance of <0.05 indicates a non-normal distribution 
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Table 4: Spearman Correlations between Sediment Size Metrics and TMI Metrics 
    D50 D84 % <2 mm 
TMI Score Correlation 
Coefficient 
0.477** 0.426** -0.287** 
Sig. (1-tailed) 0.000 0.000 0.003 
N 91 91 91 
TR Correlation 
Coefficient 
0.081 0.127 -0.033 
Sig. (1-tailed) 0.223 0.114 0.379 
N 91 91 91 
EPT Correlation 
Coefficient 
0.344** 0.380** -0.273** 
Sig. (1-tailed) 0.000 0.000 0.004 
N 91 91 91 
% EPT Correlation 
Coefficient 
0.282** 0.334** -0.238* 
Sig. (1-tailed) 0.003 0.001 0.011 
N 91 91 91 
% OC Correlation 
Coefficient 
-0.318** -0.253** 0.375** 
Sig. (1-tailed) 0.001 0.008 0.000 
N 91 91 91 
NCBI Correlation 
Coefficient 
-0.265** -0.200* 0.284** 
Sig. (1-tailed) 0.006 0.028 0.003 
N 91 91 91 
% Clingers Correlation 
Coefficient 
0.260** 0.209* -0.121 
Sig. (1-tailed) 0.006 0.023 0.127 
N 91 91 91 
%TNUTOL Correlation 
Coefficient 
-0.188* -0.168 0.242* 
Sig. (1-tailed) 0.039 0.058 0.011 
N 89 89 89 
** Correlation is significant at the 0.01 level (1-tailed). 
* Correlation is significant at the 0.05 level (1-tailed). 
34 
 
 
 
3.2 Fine Sediments 
 Laser particle-size analysis was used to determine the % sand, % silt, and % 
clay for each of the 20 sampled riffles.  These data, along with TMI scores, 
impairment status, and TMI metrics for each sampling site can be found in Table 5. 
 Spearman’s Rank Correlation Coefficients were used to test for correlations 
between fine sediment size classes and TMI metrics.  A nonparametric test was used 
because of the non-normal distribution of the fine sediment size class data, which 
was determined using a Shapiro-Wilk test (Table 6).  The results from this analysis 
(Table 7) showed almost no significant correlations between fine sediment particle 
size classes and TMI metrics.  The only significant result was a negative correlation 
between % TN nutrient-tolerant organisms and % sand, with a correlation 
coefficient of -0.478.  
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Table 5: Fine Particle Sizes from Laser Particle Size Analysis, and associated TMI Metrics 
Site ID % Clay % Silt % Sand TMI Score Impairment Status TR EPT %EPT %OC NCBI % Clingers %TNUTOL 
BEAVE.037.0KN 22.71 76.61 0.68 20 Moderate 21 3 16 38.3 5.68 45.1 64.2 
BEAVE040.1KN 29.89 69.63 0.48 20 Moderate 16 2 14.1 34.7 5.79 55.3 60.6 
BULLR032.2UN 23.35 75.165 1.485 36 Non 20 7 66.2 2.8 4.91 57.4 52.8 
BULLR1T0.6UN 9.89 46.99 43.12 38 Non 37 13 31 15.5 4.22 50.3 18.7 
CARTE000.1SV 4.04 9.33 86.63 34 Non 46 13 29.2 19.5 3.26 50.3 14.1 
COX000.2KN 19.34 60.44 20.22 24 Slight 24 3 15.4 21 5.49 49.4 67.3 
CROOK007.2BT 20.95 49.29 29.76 36 Non 22 8 61.3 12.7 4.44 59.5 56.1 
ECO67F06 5.175 11.235 83.59 34 Non 31 8 25.4 12.7 3.99 43.9 25.4 
ELLEJ000.1BT 3.34 8.04 88.62 20 Moderate 31 10 42.5 15.8 4.66 53.4 49.8 
FLAG000.7BT 7.595 20.745 71.66 26 Slight 23 7 24.9 42.2 4.47 33.8 40.9 
HINDS006.8AN 4.65 16.525 78.825 30 Slight 14 4 53.8 4.9 5.5 57.1 78.3 
HOLLY000.5BT 6.84 21.695 71.465 20 Moderate 21 5 11.7 70.7 4.95 48.1 29.3 
INDIA001.0SU 9.235 24.42 66.345 20 Moderate 31 7 9 40.2 4.19 58.7 36 
LELLE000.2BT 6.38 19.71 73.91 26 Slight 30 5 26.3 52.2 4.96 38.5 36.6 
MADD001.2SU 5.23 13.43 81.34 10 Severe 13 1 0.6 58.5 7.98 4.3 56.7 
MCCAL000.2KN 13.445 55.3 41.255 24 Slight 30 3 7.9 47.2 5.5 52.8 49.1 
NAILS000.7BT 7.645 23.65 60.705 32 Non 26 9 34 5.3 5.34 68.9 68.4 
PITNE000.8BT 10.64 27.435 61.925 30 Slight 20 7 7.1 2.8 4.13 47.4 37 
STOCK003.2KN 33.375 65.775 0.85 34 Non 28 9 35.8 17 4.89 64.2 68.4 
STOCK005.3KN 19.9 47.615 32.485 34 Non 23 7 31.9 4.9 4.08 74.7 63.7 
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Table 6: Shapiro-Wilk Test for % Sand, % Silt, and % Clay 
Shapiro-Wilk Test of Normality 
 
Statistic df Sig. 
% Clay 0.875 20 0.014 
% Silt 0.892 20 0.03 
% Sand 0.882 20 0.019 
Significance of <0.05 indicates a non-normal distribution 
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Table 7:  Spearman Correlations between Fine Sediment Size Classes and TMI Metrics 
 % Clay % Silt % Sand 
TMI Score Correlation 
Coefficient 
0.191 0.117 -0.136 
Sig. (2-tailed) 0.419 0.622 0.569 
N 20 20 20 
TR Correlation 
Coefficient 
-0.299 -0.305 0.314 
Sig. (2-tailed) 0.201 0.19 0.178 
N 20 20 20 
EPT Correlation 
Coefficient 
-0.209 -0.303 0.268 
Sig. (2-tailed) 0.377 0.194 0.253 
N 20 20 20 
% EPT Correlation 
Coefficient 
0.047 0.011 -0.057 
Sig. (2-tailed) 0.845 0.965 0.811 
N 20 20 20 
% OC Correlation 
Coefficient 
-0.163 -0.117 0.134 
Sig. (2-tailed) 0.493 0.624 0.573 
N 20 20 20 
NCBI Correlation 
Coefficient 
0.19 0.304 -0.31 
Sig. (2-tailed) 0.423 0.193 0.184 
N 20 20 20 
% Clingers Correlation 
Coefficient 
0.404 0.341 -0.402 
Sig. (2-tailed) 0.077 0.141 0.079 
N 20 20 20 
% TNUTOL Correlation 
Coefficient 
0.41 0.414 -0.478* 
Sig. (2-tailed) 0.073 0.07 0.033 
N 20 20 20 
** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
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3.3 Differences in Substrate Metrics between Impairment Groups 
3.3.1 MANOVA/ANOVA and Post-Hoc Test Results 
 Like ANOVA, MANOVA is sensitive to outliers, and therefore sediment size 
metric values identified as outliers were removed from the dataset for this analysis.  
Outliers were identified using box plots, which can be seen in Figures 5 and 6.  In 
both figures, numbers identifying outliers represent sampling locations.  These 
outliers, however, still represent naturally occurring stream-bed characteristics that 
should not be completely ignored.  To account for this and examine the effects of the 
outliers, a second MANOVA procedure was run that included the outliers.  All tests 
for differences in sediment metrics among impairment groups were conducted on 
the combined dataset of 91 sample sites.  
 MANOVA assumes a linear relationship between the dependent variables.  
Pearson correlation coefficients were used to examine the relationships between 
the D50, D84, and % <2 mm sediment metrics (Table 8).  Correlations among all three 
metrics were significant (p<0.01). 
 Tables 9 through 12 show the SPSS outputs for various tests involved in the 
first MANOVA test procedure (outliers removed).  Box’s Test (Table 9) shows 
significant results (p<0.001), which indicate that the Pillai’s Trace test statistic 
should be used to interpret the MANOVA results.  In the multivariate test (Table 10), 
all tests were significant (p<0.01), indicating that sediment metrics significantly 
differed according to levels of impairment status.  Table 10 also shows a Pillai’s 
Trace partial eta squared value of 0.112, meaning that 11.2% of the variance in 
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sediment metrics could be accounted for by the three impairment groups.  For the 
follow-up univariate ANOVA, results were considered significant at an alpha level of 
0.05.  Univariate ANOVA results (Table 11) indicate that D50 and D84 significantly 
differed among impairment groups (p<0.01), as did the % <2 mm from pebble 
counts (p<0.05).  LSD post-hoc results (Table 12) for D50 and D84 both show 
significant differences between non-impaired and moderately impaired groups and 
non- and slightly impaired groups, but no significant difference between slightly and 
moderately impaired groups.  The % <2 mm metric only shows significant 
differences between non-impaired and slightly impaired groups. 
 Tables 13 through 16 show the SPSS outputs for tests from the second 
MANOVA procedure in which outliers were not removed.  Box’s Test (Table 13) 
shows significant results (p<0.001) and, therefore, Pillai’s Trace was used once 
again.  In the multivariate test (Table 14), Pillai’s Trace was significant (p=0.028), 
although not as highly significant as when the outliers were removed.  The Pillai’s 
Trace partial eta squared value was slightly lower, this time showing that 7.7% of 
the variance in sediment metrics could be accounted for by the three impairment 
groups.  Univariate AVOVA results (Table 15) indicate that D50 and D84 significantly 
differed among impairment groups (p<0.05), but the % <2 mm did not (p=0.052).  
LSD post hoc results (Table 16) for D50 and D84 showed significant differences 
between non-impaired and moderately impaired groups and non-impaired and 
slightly impaired groups, but no significant difference between slightly and 
moderately impaired groups.   
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Figure 5: Box Plots for D50 and D84 for Impairment Groups 
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Figure 6:  Box Plot for % <2 mm for Impairment Groups 
 
 
 
Table 8: Correlations between D50, D84, and % <2 mm 
 
Correlations 
 D50 D84 % <2 mm 
D50 Pearson Correlation 1 0.723
**
 -0.436
**
 
Sig. (2-tailed)  0.000 0.000 
N 91 91 91 
D84 Pearson Correlation 0.723
**
 1 -0.336
**
 
Sig. (2-tailed) 0.000  0.001 
N 91 91 91 
% <2 mm Pearson Correlation -0.436
**
 -0.336
**
 1 
Sig. (2-tailed) 0.000 0.001  
N 91 91 91 
** Correlation is significant at the 0.01 level (2-tailed). 
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Table 9:  Box’s Test for Homogeneity of Variance-Covariance 
Box's Test of Equality of 
Covariance Matrices
a
 
Box's M 65.968 
F 4.960 
df1 12 
df2 2434.431 
Sig. 0.000 
Tests the null hypothesis that the 
observed covariance matrices of 
the dependent variables are 
equal across groups. 
a. Design: Intercept + 
ImpairmentStatus 
 
 
Table 10: MANOVA Summary Table 
Multivariate Tests
c
 
Effect Value F 
Hypothesis 
df Error df Sig. 
Partial Eta 
Squared 
Intercept Pillai's Trace 0.761 78.640
a
 3.000 74.000 0.000 0.761 
Wilks' Lambda 0.239 78.640
a
 3.000 74.000 0.000 0.761 
Hotelling's Trace 3.188 78.640
a
 3.000 74.000 0.000 0.761 
Roy's Largest 
Root 
3.188 78.640
a
 3.000 74.000 0.000 0.761 
ImpairmentStatus Pillai's Trace 0.225 3.167 6.000 150.000 0.006 0.112 
Wilks' Lambda 0.781 3.252
a
 6.000 148.000 0.005 0.116 
Hotelling's Trace 0.274 3.334 6.000 146.000 0.004 0.120 
Roy's Largest 
Root 
0.245 6.136
b
 3.000 75.000 0.001 0.197 
a. Exact statistic 
b. The statistic is an upper bound on F that yields a lower bound on the significance level. 
c. Design: Intercept + ImpairmentStatus 
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Table 11: Univariate ANOVA Summary Table 
Tests of Between-Subjects Effects 
Source 
Dependent 
Variable 
Type III 
Sum of 
Squares df 
Mean 
Square F Sig. 
Partial Eta 
Squared 
Corrected Model D50 7302.930
a
 2 3651.465 8.895 0.000 0.190 
D84 44011.793
b
 2 22005.896 7.479 0.001 0.164 
% <2 mm 2652.705
c
 2 1326.353 3.380 0.039 0.082 
Intercept D50 20797.569 1 20797.569 50.660 0.000 0.400 
D84 176425.624 1 176425.624 59.960 0.000 0.441 
% <2 mm 32828.216 1 32828.216 83.648 0.000 0.524 
ImpairmentStatus D50 7302.930 2 3651.465 8.895 0.000 0.190 
D84 44011.793 2 22005.896 7.479 0.001 0.164 
% <2 mm 2652.705 2 1326.353 3.380 0.039 0.082 
Error D50 31200.304 76 410.530    
D84 223620.282 76 2942.372    
% <2 mm 29826.702 76 392.457    
Total D50 80450.319 79     
D84 597848.113 79     
% <2 mm 81389.009 79     
Corrected Total D50 38503.233 78     
D84 267632.075 78     
% <2 mm 32479.408 78     
a. R Squared = 0.190 (Adjusted R Squared = 0.168) 
b. R Squared = 0.164 (Adjusted R Squared = 0.142) 
c. R Squared = 0.082 (Adjusted R Squared = 0.058) 
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Table 12:  LSD Post-Hoc Tests for Sediment Metrics and Impairment Groups 
Multiple Comparisons 
LSD 
Dependent 
Variable 
(I) Impairment 
Status 
(J) Impairment 
Status 
Mean 
Difference (I-
J) Std. Error Sig. 
95% Confidence 
Interval 
Lower 
Bound 
Upper 
Bound 
D50 Moderate Non -20.06017
*
 7.492723 0.009 -34.98322 -5.13712 
Slight -1.08394 7.671857 0.888 -16.36377 14.19589 
Non Moderate 20.06017
*
 7.492723 0.009 5.13712 34.98322 
Slight 18.97623
*
 4.875380 0.000 9.26607 28.68639 
Slight Moderate 1.08394 7.671857 0.888 -14.19589 16.36377 
Non -18.97623
*
 4.875380 0.000 -28.68639 -9.26607 
D84 Moderate Non -45.18829
*
 20.059304 0.027 -85.13986 -5.23672 
Slight 2.57685 20.538877 0.900 -38.32987 43.48356 
Non Moderate 45.18829
*
 20.059304 0.027 5.23672 85.13986 
Slight 47.76514
*
 13.052229 0.000 21.76937 73.76090 
Slight Moderate -2.57685 20.538877 0.900 -43.48356 38.32987 
Non -47.76514
*
 13.052229 0.000 -73.76090 -21.76937 
% <2 mm Moderate Non 3.0670 7.32593 0.677 -11.5238 17.6579 
Slight -9.2206 7.50108 0.223 -24.1603 5.7191 
Non Moderate -3.0670 7.32593 0.677 -17.6579 11.5238 
Slight -12.2876
*
 4.76685 0.012 -21.7816 -2.7936 
Slight Moderate 9.2206 7.50108 0.223 -5.7191 24.1603 
Non 12.2876
*
 4.76685 0.012 2.7936 21.7816 
Based on observed means. 
 The error term is Mean Square (Error) = 392.457. 
* The mean difference is significant at the 0.05 level. 
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Table 13: Box’s Test for Homogeneity of Variance-Covariance  
Box's Test of Equality of 
Covariance Matrices
a
 
Box's M 45.181 
F 3.486 
df1 12 
df2 4967.769 
Sig. 0.000 
Tests the null hypothesis that the 
observed covariance matrices of 
the dependent variables are equal 
across groups. 
a. Design: Intercept + 
ImpairmentStatus 
 
 
Table 14:  MANOVA Summary Table  
Multivariate Tests
c
 
Effect Value F 
Hypothesis 
df Error df Sig. 
Partial Eta 
Squared 
Intercept Pillai's Trace 0.742 82.602
a
 3.000 86.000 0.000 0.742 
Wilks' Lambda 0.258 82.602
a
 3.000 86.000 0.000 0.742 
Hotelling's Trace 2.881 82.602
a
 3.000 86.000 0.000 0.742 
Roy's Largest 
Root 
2.881 82.602
a
 3.000 86.000 0.000 0.742 
ImpairmentStatus Pillai's Trace 0.154 2.420 6.000 174.000 0.028 0.077 
Wilks' Lambda 0.846 2.500
a
 6.000 172.000 0.024 0.080 
Hotelling's Trace 0.182 2.577 6.000 170.000 0.021 0.083 
Roy's Largest 
Root 
0.181 5.256
b
 3.000 87.000 0.002 0.153 
a. Exact statistic 
b. The statistic is an upper bound on F that yields a lower bound on the significance level. 
c. Design: Intercept + ImpairmentStatus 
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Table 15:  Univariate ANOVA Summary Table  
Tests of Between-Subjects Effects 
Source 
Dependent 
Variable 
Type III Sum 
of Squares df 
Mean 
Square F Sig. 
Partial Eta 
Squared 
Corrected Model D50 10653.964
a
 2 5326.982 7.377 0.001 0.144 
D84 53153.686
b
 2 26576.843 3.791 0.026 0.079 
% <2 mm 3459.917
c
 2 1729.959 3.064 0.052 0.065 
Intercept D50 32704.830 1 32704.830 45.291 0.000 0.340 
D84 330542.715 1 330542.715 47.147 0.000 0.349 
% <2 mm 61028.431 1 61028.431 108.073 0.000 0.551 
ImpairmentStatus D50 10653.964 2 5326.982 7.377 0.001 0.144 
D84 53153.686 2 26576.843 3.791 0.026 0.079 
% <2 mm 3459.917 2 1729.959 3.064 0.052 0.065 
Error D50 63545.379 88 722.107    
D84 616958.940 88 7010.897    
% <2 mm 49693.458 88 564.698    
Total D50 137805.628 91     
D84 1254174.931 91     
% <2 mm 122288.187 91     
Corrected Total D50 74199.342 90     
D84 670112.627 90     
% <2 mm 53153.375 90     
a. R Squared = 0.144 (Adjusted R Squared = 0.124) 
b. R Squared = 0.079 (Adjusted R Squared = 0.058) 
c. R Squared = 0.065 (Adjusted R Squared = 0.044) 
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Table 16:  LSD Post-Hoc Tests for Sediment Metrics and Impairment Groups  
Multiple Comparisons 
LSD 
Dependent 
Variable 
(I) Impairment 
Status 
(J) 
Impairment 
Status 
Mean 
Difference (I-
J) Std. Error Sig. 
95% Confidence 
Interval 
Lower 
Bound 
Upper 
Bound 
D50 Moderate Non -25.30416
*
 8.730542 0.005 -42.65427 -7.95404 
Slight -5.29941 9.022969 0.558 -23.23067 12.63184 
Non Moderate 25.30416
*
 8.730542 0.005 7.95404 42.65427 
Slight 20.00474
*
 6.106164 0.002 7.87003 32.13946 
Slight Moderate 5.29941 9.022969 0.558 -12.63184 23.23067 
Non -20.00474
*
 6.106164 0.002 -32.13946 -7.87003 
D84 Moderate Non -57.06477
*
 27.203660 0.039 -111.1263 -3.00321 
Slight -12.68936 28.114841 0.653 -68.56170 43.18298 
Non Moderate 57.06477
*
 27.203660 0.039 3.00321 111.12633 
Slight 44.37540
*
 19.026312 0.022 6.56461 82.18620 
Slight Moderate 12.68936 28.114841 0.653 -43.18298 68.56170 
Non -44.37540
*
 19.026312 0.022 -82.18620 -6.56461 
% <2 mm Moderate Non 15.4933
*
 7.72056 0.048 0.1503 30.8363 
Slight 4.7696 7.97916 0.552 -11.0873 20.6265 
Non Moderate -15.4933
*
 7.72056 0.048 -30.8363 -0.1503 
Slight -10.7237 5.39978 0.050 -21.4547 0.0072 
Slight Moderate -4.7696 7.97916 0.552 -20.6265 11.0873 
Non 10.7237 5.39978 0.050 -0.0072 21.4547 
Based on observed means. 
 The error term is Mean Square (Error) = 564.698. 
* The mean difference is significant at the 0.05 level. 
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3.3.2 Kruskal-Wallis H and Mann-Whitney U Results 
 Nonparametric tests were also performed to examine the differences in 
sediment metrics among impairment groups using the combined dataset of 91 
sample sites.  This was done due to the non-normal distribution of the data.  
Although MANOVA and ANOVA are said to be robust against violation of this 
assumption, I still performed nonparametric tests to avoid committing a Type I 
error.  In this case, a Kruskal-Wallis H (K-W) test was used to test whether sediment 
metrics differed among impairment groups.  For results from the K-W test that were 
found to be significant, Mann-Whitney U tests were conducted to assess more 
specific differences in sediment metrics between specific impairment groups. 
 Table 17 shows the SPSS output for results from the K-W test.  This test 
indicated that D50 (p<0.01) and D84 (p<0.01) differed significantly among 
impairment groups.  K-W results for % <2 mm (p=0.084) showed no significant 
differences among impairment groups.  Mann-Whitney U tests were then performed 
for D50 and D84 between specific pairs of impairment groups.  D50 and D84 both 
showed highly significant (p<0.01) differences between non-impaired and slightly 
impaired groups (Table 18).  Both sediment metrics also showed significant 
differences between non-impaired and moderately impaired groups (Table 19), 
with D50 results being more significant (p<0.01) than D84 results (p=0.024).  Neither 
D50 nor D84 showed significant differences between slightly and moderately 
impaired groups (Table 20). 
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Table 17:  K-W Test Summary Table 
Test Statistics
a,b
 
 D50 D84 % <2 mm 
Chi-Square 13.036 9.344 4.963 
Df 2 2 2 
Asymp. Sig. 0.001 0.009 0.084 
a. Kruskal Wallis Test 
b. Grouping Variable: Impairment Grouping 
 
 
 
Table 18: Mann-Whitney U Test between Non-impaired and Slightly Impaired 
Groups  
Test Statistics
a
 
 D50 D84 
Mann-Whitney U 458.000 498.000 
Wilcoxon W 1053.000 1093.000 
Z -3.040 -2.644 
Asymp. Sig. (2-tailed) 0.002 0.008 
a. Grouping Variable: Impairment Grouping 
 
 
 
Table 19: Mann-Whitney U Test between Non-impaired and Moderately Impaired 
Groups  
Test Statistics
a
 
 D50 D84 
Mann-Whitney U 129.500 155.000 
Wilcoxon W 207.500 233.000 
Z -2.750 -2.251 
Asymp. Sig. (2-tailed) 0.006 0.024 
a. Grouping Variable: Impairment Grouping 
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Table 20:  Mann-Whitney U Test between Slightly and Moderately Impaired Groups  
Test Statistics
a
 
 D50 D84 
Mann-Whitney U 177.000 189.000 
Wilcoxon W 255.000 267.000 
Z -0.676 -0.375 
Asymp. Sig. (2-tailed) 0.499 0.707 
a. Grouping Variable: Impairment Grouping 
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Chapter 4 
Discussion 
4.1 Discussion of Results from Correlation Analyses 
4.1.1 Bed Sediments and TMI Metrics 
 To test the first four hypotheses regarding correlations between sediment 
size metrics and TMI metrics, I combined data from Wolman pebble counts at 20 
locations in East Tennessee with data from two previous studies in the same 
ecoregion.  A Spearman’s correlation analysis of this expanded dataset yielded 
significant correlations between sediment metrics and all but one of the TMI 
metrics.  Most correlations, though significant, were not particularly strong.  
However, statistically significant correlations between sediment metrics and TMI 
scores, which are meant to reflect overall stream conditions, show that some 
relationship exists between bed sediment characteristics and overall stream health. 
 The Spearman correlation method tests for a monotonic relationship 
between two variables by assigning a rank to each value and calculating a 
correlation coefficient as a measure of the linear relationship between the two sets 
of ranks.  A coefficient of ±1.00 represents a perfect linear relationship, even though 
the raw data for each variable might not necessarily show a linear relationship.  In 
the case of this study, all correlations coefficients were less than 0.5, which is 
generally interpreted as only a moderate to weak association between two 
variables.        
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 The weak nature of the correlations reflects the fact that benthic 
macroinvertebrate assemblages are responding to a range of variables within the 
stream.  Physical, biological, and chemical characteristics of streams can affect 
macroinvertebrate assemblages.  These can include dissolved oxygen content, 
fertilizers, pH of the water, local food supply, water temperature, et cetera.  
Furthermore, fine sediment can absorb, transport, and store chemical contaminants 
in the stream bed.  Because of this, these contaminants could be acting as a lurking 
variable within the correlations between fine bed sediment and TMI metrics.      
 Results from the correlation analysis did generally support the first 
hypothesis that D50 and D84 would be positively correlated with TMI scores as well 
as with the four TMI metrics of taxa richness (TR), Ephemeroptera, Plecoptera, and 
Trichoptera richness (EPT), % EPT excluding the genus Cheumatopsyche (% EPT-
Cheum.), and % Clingers.  D50 and D84 showed significant positive correlations with 
TMI scores and three of these four metrics:  EPT, % EPT-Cheum., and % Clingers.  
Correlations between D50 and D84 and TR were not significant.  The significant 
positive relationships between D50 and D84 and these TMI metrics (EPTs and clinger 
species) make sense given that both taxa groups need some sort of surface to attach 
to and that many EPT species are also considered clinger species (TDEC, 2011).  
This is also consistent with the findings of Duan et al. (2009), who found that EPT 
species were dominant in cobble and gravel bed substrates.    
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 The significant correlations between D50 and D84 and TMI scores were the 
highest obtained in the analysis.  These results are consistent with the findings of 
Williams (2005), that D50 and D84 showed the highest correlations with TMI scores 
in her study.  Terrell (2011) found the highest correlation to be between D50 and 
TMI scores, but he did not find a significant correlation between D84 and TMI scores.  
This discrepancy could be explained by the lower number of moderately impaired 
sites and the lack of severely impaired sites in Terrell’s study, which resulted in a 
lower range of TMI scores.    
 Results from the correlation analysis also supported two of the three 
correlations put forth in the second hypothesis, where D50 and D84 were negatively 
correlated with % oligochaetes and chironomids (% OC) and the North Carolina 
biotic index (NCBI).  The negative correlation between D84 and % TN nutrient 
tolerant organisms (TNUTOL) was not significant.  Values for these metrics are 
expected to increase as macroinvertebrate habitat conditions worsen.  The negative 
relationships found between these metrics and TMI scores can be seen as further 
evidence that increasing D50 and D84 values have some positive effect on stream 
health.  
 TMI scores, as well as TR, EPT, % EPT, and % Clinger TMI metrics, were 
negatively correlated with the % fine sediment (<2 mm) of riffle substrates, 
although the negative correlations with TR and % Clingers were not significant.  
These results generally support the third hypothesis, that TMI scores, as well as 
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these four TMI metrics, would be negatively correlated with % <2 mm.  These 
results are consistent with the results obtained by Williams (2005) and Terrell 
(2011), who found negative correlations between TMI scores and % <2 mm.  The 
correlations between % <2 mm and EPT metrics are also consistent with the 
findings of Angradi (1999) and of Kaller and Hartman (2004), even though the 
studies used different experimental designs.  One difference is that this study relied 
on previously existing macroinvertebrate data, whereas Kaller and Hartman (2004) 
and Angradi (1999) collected macroinvertebrates and fine sediments at the same 
time.  Another difference is that the present study collected data from a large 
number of streams throughout the ecoregion, rather than taking data over multiple 
reaches of a lower number of streams.  Kaller and Hartman found that EPT taxa 
were significantly affected by fine sediment by taking sediment and 
macroinvertebrate samples along seven 1st and 2nd order streams in Monongahela 
National Forest.  In the study by Angradi, EPT taxa richness also showed a rather 
weak negative correlation to increased levels of fine sediment.  This study was 
conducted in Appalachian streams in Fernow Experiment Forest.  Experimental 
plots with known proportions of fine sediment were used, and macroinvertebrates 
that colonized these plots were collected.  Even when using a different method to 
assess the effects of bed sediment particle sizes, the correlation between EPT taxa 
richness and % fine sediment was similar to that of the present study (-0.22 versus -
0.287, respectively).     
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 The % OC, NCBI, and % TNUTOL TMI metrics all showed significant positive 
correlations with % <2 mm.  Metric values for these groups are expected to increase 
as pollution increases.  Since taxa within these groups are more tolerant to 
pollution, it would make sense that they would be more abundant under stream 
sediment conditions that pollution-intolerant taxa groups cannot handle.   
 TR did not significantly correlate with any bed sediment metric, while most 
other TMI metrics correlated with at least one.  TR has been found to be a useful 
indicator of water quality (Kerans & Karr, 1994).  This metric, however, is 
influenced by many variables, including habitat characteristics, niche space, and 
food sources (Barbour et al., 1999).  This suggests that the total number of taxa 
found at a sampling location is not significantly affected by bed sediment particle 
sizes, but rather is controlled by a combination of many habitat and biological 
variables. 
 Significant results between the individual TMI metrics and sediment metrics 
appear to reflect the preferential bed sediment habitat characteristics of the benthic 
macroinvertebrates within each TMI metric.  Although most studies focus on the 
negative relationship between fine sediment and EPT taxa, it has been suggested 
that EPT taxa prefer the substrate in turbulent waters due to their high oxygen 
requirement (Quinn & Hickey, 1990).  Oligochaetes and chironomids are often 
associated with increased levels of sedimentation (Waters, 1995), which is 
consistent with the positive relationships between % fine sediment and % OC found 
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in this study.  Many species of chironomids actually utilize fine sediment to build 
tunnels (Jones et al., 2012).  However, each group of taxa examined in this study is 
made up of species that might respond differently to substrate size depending on 
their feeding mode and biotic interactions (Quinn & Hickey, 1990).  This might 
further account for the weak correlations observed between sediment and TMI 
metrics. 
 Significant correlations between sediment metrics and TMI scores suggest 
that there is some relationship between bed sediment characteristics and overall 
stream health.  The significant positive correlations between D50 and D84 and TMI 
scores suggest that overall stream health improves as bed sediment particle sizes 
increase.  The negative correlation between TMI scores and % <2 mm suggests a 
negative relationship between overall stream health and the amount of fine bed 
sediments found within riffle substrates.  However, the negative correlation 
between TMI score and % <2 mm was not nearly as strong as the positive 
correlations between TMI score and D50 and D84.  Williams (2005) obtained similar 
results.  These results suggest that overall stream health is more closely related to 
D50 and D84 than to the % of fine sediment.  This might be explained by the fact that 
D50 and D84 measure the overall particle size characteristics of a stream reach, 
rather than just the amount of sediment within a particular size range.  Although 
correlation coefficients for D50 and D84 were the highest obtained, at 0.477 and 
0.426, these are still only considered moderate correlations.  This suggests that 
these metrics cannot indicate stream health as well as the TMI scoring method.  
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Figures 7 and 8 show scatter plots illustrating the relationships between D50 and D84 
and TMI scores.  Although the positive relationships can be seen, low D50 and D84 
values are found across the full range of TMI scores. 
 
 
 
Figure 7: Scatter Plot for D50 and TMI Scores 
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Figure 8: Scatter Plot for D84 and TMI Scores 
 
4.1.2 Fine Sediment Size Classes and TMI Metrics 
 The lack of significant correlations between fine sediment size classes and 
TMI metrics do not support the fifth hypothesis, that TMI metrics would be 
significantly correlated with at least one fine sediment size class.  Results show that 
none of the fine sediment size classes had a significant correlation with any TMI 
metric, with the exception of a significant negative correlation between % sand and 
% TNUTOL.  The overall lack of significant correlations suggests that the individual 
effects of each size class are secondary to the effects of fine sediment pollution as a 
whole.  This suggestion, however, is based on results from a small sample size.  A 
small sample size affects the obtained p-values in a way that increase the chances 
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for a Type II error.  In this case it means that there is a higher chance that the 
Spearman correlation test did not find a significant correlation between fine 
sediment size classes and TMI metrics when, in reality, a significant relationship 
might very well exists.  Therefore, these results should not be considered conclusive.   
 Laser particle-size analysis did prove to be a quick and easy method for 
determining fine sediment composition.  The removal of organic matter, the 
lengthiest part of the particle-size analysis process, took many days to complete.  
Beuselinck et al. (1998) found that the removal of organic matter did not 
significantly affect particle-size distributions.  In that study, however, it was known 
that the organic matter content of the sediments being tested was small.  In cases in 
which the organic matter content of sediments is known to be small, it seems 
possible that this part of the process could be omitted to speed up the analysis.  In 
the case of this study, the fact that the organic matter removal process took several 
days suggests that samples contained a high amount of organic matter.  It was noted 
that the amount of time it took to complete the reaction was consistent for each 
sample.    
 There was some concern that analyzing only 1–2 g of a 500–1000 g sample 
would produce widely different results.  However, analysis of subsamples generally 
produced very similar cumulative frequency curves, as can be seen in Appendix 2.  
This seems to indicate that the small subsamples were, in fact, representative of the 
whole sample.   
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 Suspension and deposition of fine sediment is largely controlled by the flow 
velocity within the stream channel.  Since velocity is usually not uniform across the 
channel, the lateral position of the sample collection is bound to have some impact 
on the fine sediment composition of the sample.  For consistency, samples in this 
study were taken within the thalweg.  Because of this, some samples might not be 
entirely representative of the true fine sediment composition within the sample 
reach if the thalweg was particularly narrow and had a significantly higher velocity 
as compared to the rest of the channel.  Additionally, the sites HINDS006.8AN and 
ELLEJ000.1BT contained predominantly bedrock material.  At these sites, it was not 
always possible to collect samples from the thalweg, and therefore fine sediment 
was collected from depositional areas and interstitial spaces within the bedrock.  In 
these cases, fine sediment was less abundant and most likely had less impact on 
macroinvertebrate assemblages.  It should also be noted that samples were 
collected in wadeable 1st and 2nd order streams.  Due to the cumulative downstream 
transport of fine sediments, higher order streams tend to collect more sediment, 
which could mean that the composition of fine sediment in these streams would 
have a larger effect on the benthic macroinvertebrate communities.   
4.2 Discussion of Results from Impairment Group Comparisons 
 A number of statistical tests were run to assess differences in bed sediment 
metrics among the three TMI impairment groups.  Both MANOVA tests showed 
significant results, meaning that dividing TMI scores into three group levels had a 
significant effect on the variance in sediment metrics.  The magnitudes of 
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multivariate effect (as reported by partial eta squared) were 11.2% when outliers 
were removed and 7.7% when outliers were present in the data.  This shows the 
percentage of the variability in sediment metrics that is being accounted for by the 
three impairment group levels.  Both of these values can be considered to be high 
multivariate effect sizes when considering the high variability in sediment metric 
data. 
 Both D50 and D84 showed consistent results throughout all statistical tests 
involving differences in sediment metrics among TMI impairment groups.  This 
includes ANOVA tests with and without outliers, as well as the K-W test.  These tests 
all showed significant differences in D50 and D84 among impairment groups.  LSD 
post-hoc tests and Mann-Whitney U tests for differences in D50 and D84 between 
specific impairment groups were also consistent and showed that both D50 and D84 
significantly differed between non-impaired and slightly impaired groups, and 
between non-impaired and moderately impaired groups, but did not differ between 
slightly impaired and moderately impaired groups.  Streams in the non-impaired 
group (TMI score of ≥32) are considered to pass biocriteria guidelines (TDEC, 
2011).  Since tests using the metrics D50 and D84 were able to distinguish between 
non-impaired and impaired groups, these metrics could potentially be used to 
estimate whether or not a stream is impaired.   This is consistent with the findings 
of Terrell (2011), who also found a significant difference in D50 between non-
impaired and impaired sites using non-parametric tests. 
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 The % <2 mm metric only showed significant differences among impairment 
groups in the ANOVA test for which outliers were removed.  Terrell (2005) also 
found that % <2 mm was significantly different between impaired and non-impaired 
sites.  Data for % fine sediment in his study also did not contain outliers.  Data from 
Terrell’s study, however, showed a greater difference for the % <2 mm metric 
between the impaired and non-impaired groups.  In this study, the ANOVA test that 
included the outliers and the K-W test (which also included outliers) showed no 
significant difference among % <2 mm between the three impairment groups.  
These results seem to be consistent with the correlation analysis that showed only a 
weak relationship between TMI scores and % <2 mm.  They also suggest that, unlike 
D50 and D84, % <2 mm might not be a useful metric when trying to distinguish 
between impaired and non-impaired streams, especially considering that tests with 
this metric could not detect differences between levels of  stream impairment when 
outliers were present. 
4.3 Combination of Pebble Count Data  
 To achieve a meaningful sample size, I combined pebble-count data from this 
study with that of previous related studies in the region.  This combination of data 
seemed appropriate since all three of the studies used some version of a Wolman 
pebble count.  In this study and the study by Terrell, stream bed particles were 
measured along their β-axis using a gravelometer.  With this method, stream bed 
particle sizes are measured as being within a certain size interval.  Williams, on the 
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other hand, measured particles (also along their β-axis) to the nearest mm using a 
tape measure.  However, since all three studies determined sediment metrics from 
cumulative frequency distribution curves, the differences in measurement 
technique most likely had little impact on the D50 and D84 values obtained from each 
study.  It should also be noted that the method used in these studies involved 
measuring approximately 100 particles.  It has been suggested that this might not 
always be an adequate amount to properly characterize stream bed sediment 
metrics, depending on the size of the stream (Olsen et al., 2005).  However, many of 
the sample sites were small 1st and 2nd order streams where a sample size of 100 
pebbles might be sufficient.  For this study, field notes denoting sites with high 
amounts of fine sediment were consistent with pebble count results showing high % 
<2 mm values. 
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Chapter 5 
Conclusions 
 This study was conducted with the purpose of investigating the relationship 
between channel-bed sediment in riffles and benthic macroinvertebrate status in 
East Tennessee streams and to determine whether such channel-bed sediment 
metrics might be useful indicators of stream health.  Results from this study can help 
provide evidence of how benthic macroinvertebrates are affected by channel-bed 
sediment characteristics. 
 D50, D84, and the percentage of fine sediment (% <2 mm) were determined 
using Wolman pebble counts at 20 sites in the Tennessee Ridge and Valley 
ecoregion.  These data were then combined with similar data from previous, related 
studies by Terrell (2011) and Williams (2005), resulting in a total sample size of 91 
sites.  Analysis of the data supported the hypotheses that TMI scores would show 
positive correlations with D50 and D84 and that TMI scores would be negatively 
correlated with % fine sediment (% <2 mm).  The positive correlations between 
larger sediments (D50 and D84) and TMI scores were much higher than the negative 
correlations between the % <2 mm and TMI scores.  These results were consistent 
with those of the previous study by Williams (2005).  Future studies may want to 
focus on these metrics to determine how they can be used to improve 
macroinvertebrate habitat conditions and TMI scores. 
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 Correlation analysis was performed to examine relationships between 
sediment metrics and the macroinvertebrate metrics used to determine TMI scores.  
Most of the sediment metrics showed significant correlations with 
macroinvertebrate metrics, either positive or negative, as hypothesized.  These 
results suggest that specific macroinvertebrate taxa do respond to changes in bed 
sediment characteristics.  Most significant correlations, however, were weak, 
reflecting the fact that macroinvertebrate assemblages are affected by a range of 
stream conditions. 
 Correlations between fine sediment size classes and TMI metrics were 
examined by collecting fine sediment at 20 sites.  These results showed only one 
significant correlation.  Therefore, the null hypothesis that there were no 
correlations between TMI metrics and at least one fine sediment size class cannot be 
rejected, except for the % Tennessee nutrient-tolerant organisms.  These results, 
however, cannot be considered conclusive due to the small sample size and, 
therefore, a higher probability of a Type II error occurring.   
 Laser particle size analysis proved to be a quick and easy method of 
determining fine sediment composition.  Qualitatively, based on the cumulative 
frequency distribution curves, subsamples used to assess fine sediment composition 
did appear to be representative of the whole sample.  In addition to a much larger 
overall sample size, future studies might also consider using a larger number of 
subsamples to assess just how representative these smaller samples are of the 
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whole sample.  Future studies will also want to focus on how to best represent the 
overall fine bed sediment composition of the study site in question.  
 A combination of parametric and nonparametric tests was used to assess the 
differences in sediment metrics among TMI impairment groups using the combined 
dataset of 91 sample sites.  TMI impairment groups, based on TMI scores, include 
non-impaired, slightly impaired, moderately impaired, and severely impaired sites.  
As only one severely impaired site was sampled in this study, data from that site 
were included with the moderately impaired sites.  The hypothesis that sediment 
metrics would significantly differ among TMI impairment groups was supported 
with the D50 and D84 metrics, but not with the % <2 mm metric.  Results consistently 
showed that the percent of particles <2 mm, as determined by pebble counts, did 
not significantly differ among impairment groups when outliers were removed.  D50 
and D84, however, did consistently differ among impairment groups, even when 
outliers were present in the data set.  D50 and D84 also consistently differed between 
non-impaired and impaired groups.  While sediment metrics might not be able to 
represent the status of stream health with the same precision as the semi-
quantitative single habitat macroinvertebrate surveys, D50 and D84 could potentially 
be used in a similar way to that of TDEC’s biorecon surveys—as a quick assessment 
as to whether or not a stream is considered to be impaired. 
 Results from this study could potentially be applied to stream monitoring 
and restoration efforts in the context of stream-bed habitat characteristics.  The D50 
sediment metric seems to show the highest potential for practical application as a 
67 
 
quantitative stream habitat metric, but should not be the only variable considered 
when precisely attempting to assess water quality or macroinvertebrate status.  
Correlation analysis, however, does not necessarily reflect a causal relationship.  
Further investigation of the relationships found in this study is needed before they 
can be applied in the field.   
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Appendix 1: Particle Size Distribution Curves from Pebble Count Data 
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Appendix 2: Particle Size Distribution from Fine Sediment Particle Size Analysis: 
Cumulative Frequency Curves and Histograms 
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